changes in the ventral hippocampus and medial prefrontal cortex of adolescent alcohol-preferring (P) rats following binge-like-alcohol drinking. Alcohol. https://doi.org/10.1016/j.alcohol.2017.09.002
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

INTRODUCTION 56
Alcohol (ethanol) use is typically initiated during adolescence. More than 25% of 8 th graders 57 (13 years old) and 50% of 10 th graders have used alcohol in the past year. Drinking, especially 58 binge drinking, escalates during adolescence; 20% of 12 th graders report consuming ≥ 5 drinks 59 per occasion, and 10.5% consumed ≥ 10 drinks per occasion within the past 2 weeks (Spear, 60 2015) . Adolescents are especially vulnerable to brain impairment by excessive ethanol 61 exposure (Geil et al., 2014; Jacobus & Tapert, 2013; Spear, 2015) . 62
College students given a memory task while intoxicated showed that those students with a 63 previous history of binge drinking performed more poorly than other students (Weissenborn & 64 Duka, 2003) . Rats exposed to chronic intermittent ethanol as adolescents showed impaired 65 memory when re-exposed to acute alcohol, whereas rats similarly exposed as adults did not 66 (White, Ghia, Levin, & Swartzwelder, 2000) . The hippocampus plays an essential role in 67 episodic memory formation; the ventral hippocampus (vHip) communicates with multiple nuclei 68 of the mesocorticolimbic and extended amygdala systems in this process (Alberini, 2013 ; 69
Martinez J, 1998). Optogenetic techniques have demonstrated that the hippocampus, 70
particularly the ventral portion of the dentate gyrus, is also involved in anxiety-like behavior 71 
Ventral Hippocampus 205
RNA sequencing detected 11,727 genes expressed in the vHip, among which 416 (3.5%) 206
were differentially expressed at FDR < 0.05 (Table 1; genes listed in Supplemental Table 1,  207   Table 2 lists genes with at least 2-fold difference plus selected genes discussed here). Many of 208 the differentially expressed genes were expressed at low levels (i.e., have small RPKMs), but 209 the distribution of expression levels for differentially expressed genes did not differ from that of 210 all detected genes (Supplemental Figure 1) . Fold changes were small: only 18% of the 211 differentially expressed genes changed by > 1.5 fold (absolute values) (Figure 1 ). There are 212 genes with large fold changes that are not found in enriched pathways, including Atf3, Cyr61, 213
Apold1, Shank1, Btg2, Nts and Npas4 (Table 2 ). In the vHip, approximately 4/5 of the 214 differentially expressed genes were expressed at lower levels in the binge drinking animals. 215
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The changes in gene expression in the vHip significantly altered 22 biological pathways 218 (Table 3) . Most of the genes differentially expressed in these pathways had decreased 219 expression in the binge-drinking animals. Many of these pathways contain sets of overlapping 220 genes, and in some cases may have related functions such as inflammation. Hierarchical 221 clustering based on the differentially expressed genes within the pathways identified groups of 222 related pathways, highlighted in Table 3 . Axonal Guidance is affected, with most genes 223 (including Tuba4a, Plxd1, Plxb3, Shank2, Mmp9 and Sema3c) expressed at lower levels 224 (Tables 2, 3 ). Wnt/β-catenin signaling is the most significant pathway, and is clustered with 2 225 cancer related pathways, 2 rheumatoid arthritis pathways and regulation of the epithelial-226 mesenchymal transition; these all share Tcf7l2, Axin1, Tcf4 and Gsk3b (Tables 2, 3 ). The Wnt/β 227 catenin pathway is decreased, with most of the affected genes having lower expression. A 228 second cluster of pathways includes synaptic long term potentiation (LTP) and several signaling 229 pathways, including those related to dopamine regulation of cAMP signaling and nNOS; these 230 pathways also show reduced activity. Very closely related to these pathways, with some key 231 overlapping genes, are pathways of cAMP and G-Protein signaling, which contain a cluster of 232 protein kinases and phosphatases (Prkcg, Gsk3b, Ppp3r2, Ppp1r14a) that are decreased in 233 expression. Protein kinase A signaling, which overlaps with both the Wnt and cAMP groups, has 234 an overall neutral z-score, but most differentially expressed genes in that pathway are 235 decreased. Protein kinase A signaling is initiated by multiple G-protein coupled receptors and 236 has many different downstream targets, some of which are increased (e.g. tyrosine 237 hydroxylase) and others decreased (e.g. eNOS / Nos3 and Gsk3β) (Tables 2, 3) . Four pathways 238 involved in phosphoinositide metabolism have a completely overlapping set of genes, all 239 decreased in expression; these include a different group of phosphatases (Ppp1r12c, Ppp1r13b, 240 Ptpn23). Pathways related to fibrosis contain a set of collagens that are all expressed at lower 241 levels in the binge-drinking animals. Some genes, including Crebbp, Prkcg, Gsk3b, Ppp3r2, 242
Nfkbia, Dusp1 and Calm1, are shared across the different groups of pathways (Table 3) . 243
Medial Prefrontal Cortex 244
In the mPFC 11,579 genes were detected, among which 638 (5.5%) (Table 1) were 245 differentially expressed (Supplemental Table 1 ). As in the vHip, many of the differentially 246 expressed genes were expressed at low levels (Supplemental Figure 2) , and only 10% of the 247 differentially expressed genes changed by > 1.5 fold (Figure 1) . In contrast to the vHip, only 248 35% of the differentially expressed genes in the mPFC were lower in the binge drinkers ( Table  249 1). Astrocyte enriched genes had a significantly larger percentage of genes decreased (62%. p 250 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 9 = 1.4e-7) than did neurons (25%) or oligodendrocytes (36%). Genes with large fold changes in 251 the mPFC include Atf3, Cyr61, Apold1, Btg2, and Npas4 (Table 4) all increased; these genes 252 are also increased in the vHip. Also increased in the mPFC are Ier2, Gadd45g and Klf4 (Table  253 4). 254
The significantly altered genes clustered into 22 biological pathways (Table 5 ; Supplemental 255 Table 1 ). The oxidative phosphorylation and the mitochondrial dysfunction pathways nearly 256 completely overlap: both contain 17 genes involved in oxidative phosphorylation. These include 257 genes from complexes I, III, IV and V, including Atp5i, Atp5c1 and Atp5o (Tables 4, 5) , and most 258 of the genes showed 20-30%higher expression in the binge-drinking animals. EIF2 signaling 259 was increased, with Atf3 (the gene with the second largest fold-change detected), Eif3g, and 260
Eif2d all increased. The AMPK pathway is one of the central regulators of ATP levels and may 261 play a role in the increased expression of genes involved in oxidative phosphorylation. Two 262 large, related groups of pathways include signaling in the acute phase response and by many 263 cytokines, including IL-6, IL-17A and TNFr1. Carson, & Lawrie, 2013). To better understand how repeated binge drinking affects key brain 272 regions, we modeled this behavior in rats. Male adolescent P rats were exposed to binge 273 drinking for 3 weeks. The repeated voluntary binges altered gene expression in both the ventral 274 hippocampus (vHip) and the medial prefrontal cortex (mPFC). 275
The hippocampus plays a role in both episodic memory formation and anxiety-like behavior 276 Many genes within this pathway had reduced expression in the binge-drinking rats, including 286 disheveled (Dvl2), Lrp1 (lipoprotein receptor 1), GSK3β and Tcf4 (Tables 2, 3 ). Tcf7l2, a 287 member of the T-cell factor/lymphoid enhancer-binding factor family of high mobility group 288 (HMG) box transcriptional activators, is decreased in expression in the vHip of the alcohol 289 exposed animals; it is also the most inhibited gene in the upstream regulator analysis 290 (Supplemental Table 2 ). Downstream targets of Tcf7l2 include genes involved in myelin 291
production (e.g. Plp1, Mbp, Mag) (Lees & Brostoff, 1984; Norton & Cammer, 1984) and in 292 synthesis of cholesterol (e.g. Hmgcs1, and indirectly, Hmgcr via its effect on the expression of 293 Srepbf2). Hmgcr has decreased expression in the vHip (Table 2) would be expected to reduce neurogenesis in the vHip. Reduced neurogenesis would likely 304 result in retarded development of the vHip, and potentially produce long-term consequences on 305 learning and memory in adulthood; however, these animals were not tested for effects on 306
memory. 307
Synaptic long term potentiation is decreased in adolescents by acute alcohol, and adults 308 exposed to binge drinking as adolescents continue to be affected more strongly by acute 309 
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Connections between brain regions continue to be made during adolescence (Spear, 2010) . 318
Axonal guidance, important in this process, is decreased in the hippocampus: 14 of the 17 319 altered genes in this pathway have decreased expression, including Tuba4a, Plxd1, Plxb3, 320
Shank2, Mmp9 and Sema3c (Table 2) Dopamine signaling appears to be increased in the hippocampus, as indicated by large 341 increases in tyrosine hydroxylase (Th) and VMAT2 (Slc18a2), both increased more than 4 fold, 342 and the dopamine receptor subunit Drd2 (increased by 50%) ( Table 2 ). These three genes are 343 expressed at low levels. The upstream regulator analysis also suggests dopamine is more 344 active in the alcohol-drinking animals (Supplemental Table 2 ). While the hippocampus is not 345 thought to contain dopaminergic neurons, the VTA has dopaminergic projections to the 346 hippocampus and these three mRNAs might be contained in the axons of these projections. 347
These mRNAs were also detected in the hippocampus of human post-mortem brains in a 348 Pathways related to cellular stress response and inflammation showed increased activity in 368 the mPFC (Table 5) . Immune related genes and pathways were also reported to be increased in 369 the prefrontal cortex of CIE-exposed C57BL/6J mice examined 0 h and 8 h post-exposure 370 (Osterndorff-Kahanek et al., 2015). The upstream regulator analysis supports this, with 371 indications that interferons are active (Supplemental Table 3 ). MiR132 expression in the mPFC 372 is increased by the alcohol binges (Table 4) (Table 6 ). Dgkb, diacylglycerol kinase beta, the only gene with decreased 391 expression in all 4 regions, has been identified by GWAS as associated with alcoholism 392 (Kendler et al., 2011). Ten of these 11 genes are increased in all four regions, and five were 393 also enriched in the nucleus accumbens shell and the central nucleus of the amygdala of these 394 animals (McBride, Kimpel, et al., 2014). Five of these genes, noted in Table 6 , were also 395 increased in the nucleus accumbens of binge drinking adult rats in a previous study by our The mPFC shares several pathways with the DRN and PAG that the vHip does not; these 434 include stress responsive and immune responsive pathways, such as NRF2-mediated oxidative 435 stress response, acute phase response, IL1-signaling, LPS-stimulated MAPK signaling, IL-6 436 signaling (Supplemental Table 4 ). In addition to these stress and immune pathways, some 437 signaling pathways are also shared by mPFC, DRN and PAG: GABA receptor signaling, RAR 438 activation, Rac and RhoGDI signaling, P2Y purinergic receptor signaling pathway, GDNF family 439 ligand-receptor, IGF1 signaling, and PPAR signaling. Norepinephrine also appears to be active 440 in all three regions (Supplemental Table 4) . 441
IPA comparison analysis of the 4 regions indicates that the vHip is the only region with 442
decreases in the Wnt/B catenin, ILK signaling, synaptic long term potentiation and depression, 443 corticotropin releasing hormone signaling, endothelin-1 signaling, and AMPK signaling ( Table  444 3). 445
There is interest in drugs with the potential to block or reverse some of the damage caused 446 by binge drinking. Table 1 . Number of differentially expressed genes per region. Mapped reads is the average 684 per sample. *Detection limit set at ≥ 1 count per million in at least 3 samples. **% of genes 685 enriched in astrocytes that were decreased. *** % of genes enriched in neurons that were 686 decreased. **** % of genes enriched in oligodendrocytes that were decreased. 687 688 contains genes with absolute fold change ≥ 2 and all genes discussed in the text. 691 Mapped reads is the average per sample. *Detection limit set at ≥ 1 count per million in at least 3 samples. **% of genes enriched in astrocytes that were decreased. *** % of genes enriched in neurons that were decreased. **** % of gene enriched in oligodendrocytes that were decreased. Table 3 . Pathways altered in the ventral hippocampus. *Genes in normal font were expressed at lower levels in the binge-drinking animals; bold font indicates genes that were expressed at higher levels. zscore indicates whether the pathway is activiate (postivie z) or decreased (negative z). Pathways sharing many genes are boxed. Atp5e, ATP5G1, ATP5G3, ATP5H,  ATP5O, COX17, COX4I1, COX6A1, COX8A,  CPT1C, FIS1, GPX4, NDUFA1, NDUFA4, NDUFA6,  NDUFB10, NDUFB9, PRDX5, PSEN2, UQCR11 Table 5 . Pathways altered in the medial prefrontal cortex.
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*Genes in normal font were expressed at lower levels in the binge-drinking animals; bold font indicates genes that were expressed at higher levels. Z-score indicates whether the pathway is activated (positive z) or decreased (negative z). Pathways sharing many genes are boxed. Table 6 . Genes differentially expressed in at least 4 brain regions. 
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